In this paper we develop vacuum-actuated polyimide bi-stable actuators using buckled diaphragms for applications in the field of MEMS. The fabrication process involves a single mask step and DRIE etch step to fabricate the buckled bi-stable diaphragms. Compressive stresses in a companion thermal oxide layer provide pre-stress in the polyimide mechanical films that initiates diaphragm buckling upon release. Pressure was used to actuate these polyimide diaphragms from their first stable state to their second stable state, resulting in 'zero electrical power' actuation. The buckling height of the polyimide diaphragms is approximately 7.6 μm with an actuation pressure of 41 kPa, which compares favorably with model predictions assuming effective diaphragm properties for a single layer. These polyimide diaphragms can be used as the fundamental building blocks in micro-pumps, micro-valves, switches and optical devices. Because of their bi-stable nature, they can also be used for applications in mechanical memory storage.
Introduction
Bi-stable mechanical actuators are of great interest and have begun to appear in the literature in the form of MEMSbased switches [1] , micro-valves [2] , micro-pumps [3] and mechanical memory devices [4] . Numerous methods for fabricating bi-stable beams [5, 6] and bi-stable diaphragms [7, 8] have been previously reported with electrostatic, pneumatic, magnetic and thermal actuation methods.
Bi-stable actuators possess two stable mechanical equilibrium states, with the transition from the first state to the second state typically in response to an external stimulus (i.e. force, pressure, electric field, vacuum, temperature change, etc). In the case of force, its origin can be electrostatic, magnetic or mechanical. One of the methods to fabricate these bi-stable or quasi bi-stable structures is by engineering compressive stresses in released structures (i.e. beams, diaphragms and cantilevers), resulting in buckling of the micro-structures. More specifically, buckled MEMS-based diaphragms can be formed using microfabricated materials with built-in compressive stresses, as we demonstrate in this paper. Materials such as SiO 2 [9] , TiW [10] , Cu [11] and Cr [12] are highly compressive depending upon their processing parameters, such as oxidation temperature/time and metal deposition pressure, and are thus viable candidates for MEMS-based bi-stable diaphragms. Such 'buckled MEMS devices' offer two distinct advantages over traditional MEMS actuators-(1) they are capable of much larger displacements, and (2) they can be designed to operate in a true bi-stable mode, similar in operation to an electronic digital circuit.
In this paper we propose a new technique for fabricating bi-stable diaphragms using a combination of polyimide and oxide compressive stresses. The fabricated devices accordingly have two stable states and can be transitioned from one state to another by introducing an external force. In this paper we introduce the external force in the form of a pressure differential across the buckled MEMS diaphragm. Such a device can be used as the building block for a true 'zero power' sensor/switch. These diaphragms can also serve as the foundation for future generation bi-stable devices in the new field of 'Buckle MEMS'.
The operating principles, design, fabrication and testing of these truly bi-stable devices are as follows.
Operating principle and design
Our fabricated buckled diaphragms consist of a polyimide membrane coupled with a thin thermally grown silicon dioxide film. The compressive stresses in the thermal oxide result in buckling of the polyimide membrane. With the application of an actuating pressure, the buckled UP/buckled DOWN diaphragms snap to their respective second state. This threshold value of pressure is referred to as the device's actuation pressure. Upon removal of the actuation force, our devices remain in their second stable state. Buckling and compressive stresses are explained in section 2.1 and our analytical design calculations of the bi-stable diaphragms are presented in section 2.2.
Buckling and compressive stresses
2.1.1. Buckling due to compressive stresses. Buckling is a mechanical phenomenon that can occur in structures (beams or diaphragms) based on a combination of applied compressive stresses, material stiffness and the slenderness ratio of the structure (radius of gyration/length or thickness/diameter). As lateral compressive loads are applied to a beam or diaphragm, initially the structure is simply compressed. As the compressive stresses are increased further, this compressed state becomes unstable. When the critical buckling stress is reached, the transverse deflection increases rapidly and the beams/diaphragms buckle to their first stable state, which has a lower total strain energy than that of the simple compressed state [8, 13] .
2.1.2.
Oxide compressive stresses. When silicon is oxidized at high temperatures (e.g. 1000
• C) and cooled, the resulting silicon/silicon dioxide interface is stressed due to the difference in the thermal expansion coefficient of silicon (2.3 × 10 −6 K −1 ) and silicon dioxide (0.5 × 10 −6 K −1 ) [14, 15] . The wet oxide used in our fabrication process was grown at 1000
• C for 1 h on a 4 n-type silicon wafer and cooled down slowly, resulting in compressive stresses.
Therefore, oxide compressive stresses provide the buckling mechanism for the fabrication of the polyimide/oxide diaphragms in this paper. The polyimide film is essentially stress free as deposited and serves simply as a mechanical layer to provide the necessary structural integrity. Furthermore, the compressive oxide layer is also used as the etch stop for releasing the polyimide/oxide diaphragms.
Analytical calculations
For our proof-of-concept design, we selected an arbitrary diaphragm diameter of 300 μm, a polyimide thickness of 2.5 μm and an oxide thickness of 0.4 μm. To approximate the switching behavior of the system, a simplistic approach was used in which the bi-layer diaphragm was assumed to act as a single-layer diaphragm with effective mechanical properties. This analysis has a number of limitations and may not be appropriate for all cases. In particular, a more advanced mechanical analysis is required for multilayer systems in which significant residual moments or substrate deformations are present [16] . For the diaphragms fabricated for this study, it was determined that these factors provided negligible contributions to the overall transverse deflections.
The design equations presented in this section are used to predict the diaphragm buckling height, snap height and actuation pressure. The model predictions are then compared with the experimental results in the following section.
The polyimide layer is initially unstressed but undergoes stretching after the release of the diaphragm and large buckling deformation occurs. For simplicity, we use composite rule mixtures theory to calculate an effective Young's modulus for the bi-layer system, where effective in-plane Young's modulus is given by the following equation:
where d SiO 2 is the oxide thickness (μm), E SiO 2 is Young's modulus of silicon dioxide (73 × 10 9 Pa) [17] , d PI is the polyimide thickness (μm) and E PI is Young's modulus of polyimide (8 × 10 9 Pa) [17] . Since our diaphragm is composed of a bi-layer film of polyimide and silicon dioxide, we utilized equation (1) and literature-reported material property values for determining the film's effective in-plane Young's modulus. For our diaphragm design with a polyimide (PI-2610) thickness of 2.5 μm and an oxide thickness of 0.4 μm, we obtained an effective Young's modulus of 16.97 × 10 9 Pa for the bi-layer membrane. The effective internal stress of the bi-layer film is given by the following equation [18] :
where σ SiO 2 is the stress in the oxide film (MPa) and σ PI is the stress in the polyimide film (MPa). The polyimide material used in the fabrication of the buckled diaphragm was determined to be stress free when measured using a Toho FLX-2320-S stress measurement system, which fits with the manufacturer's specifications. The stress in the thermally grown wet oxide (0.4 μm) was determined to be −320 MPa using the Toho system. The measured stress values of silicon dioxide and polyimide were used to determine the effective internal stress of the bi-layer diaphragm per equation (2) and this was determined to be −44 MPa. Additionally, the effective stress value of the bilayer film (silicon dioxide plus polyimide) was experimentally measured using the Toho system and was found to be −44.58 MPa, which is the same as the calculated effective stress value; thus proving that the use of equation (2) is valid in this case. This effective internal stress value was used in our calculations for determining buckling height, snap point buckling height and actuation pressure.
The anticipated buckling height (w 0 ) of the diaphragm due to the effective stresses in the diaphragm can be calculated using the following equation [7] :
where d is the total diaphragm thickness (μm), R v is the radius of the diaphragm (μm) and ν is the Poisson's ratio of polyimide (0.2 for PI-2610) [17] . This resulted in a predicted buckling height of 8.6 μm for our design. Furthermore, the height of the buckled diaphragm at the point of snapping or actuation (w snap ) is determined to be 5 μm using the equation [7] :
Finally, the actuation pressure (p) required for snapping the diaphragm from its first stable state to its second stable state is determined using equation (5) [7] . For our design the actuation pressure is predicted to be 60 kPa (450 mmHg) of differential pressure:
Fabrication
We fabricated our devices on (1 0 0) n-type silicon wafers, which were 150 μm in thickness. The wafers were oxidized in a steam oxidation furnace for 1 h resulting in a 0.4 μm thick oxide ( figure 1(a) ). The wafers were then patterned, wet etched in buffer oxide etch (BOE) and DRIEed for about 35 min to etch 120 μm silicon cavities ( figure 1(b) ). Polyimide (PI-2610) was then spun (spread-500 RPM, 2 s, spin-4000 RPM, 20 s) on the other side of the wafer ( figure 1(c) ) and cured overnight on a hotplate at 350
• C. The wafers were then DRIEed to etch the remaining silicon (oxide acts as the DRIE etch stop) and release the polyimide/oxide structures ( figure 1(d) ). Each of the fabricated polyimide/oxide diaphragms (300 μm diameter) was buckled either UP or DOWN due to the compressive stresses in the oxide with a buckling height ranging between 7 and 9 μm. The direction of the buckling phenomena appeared random. This is markedly different from other reports in the literature in which the diaphragms buckle preferentially toward the oxide [8] . The random nature of our diaphragm's buckling direction was the first indication of our device's true bi-stability, unlike other buckled diaphragms reported in the literature. The randomness of the initial buckling direction also indicates that the effects of residual moments may be neglected. A significant residual moment would induce a transverse deflection in the diaphragm and bias the initial buckling direction. 
Testing and experimental results
For testing, the released diaphragms were first pressurized from the wafer backside so that all the diaphragms initially started in their buckled UP state. The initial buckle height was measured and then vacuum was applied on individual diaphragms to test their bi-stability, actuation pressure and snap height. The test set-up consisted of a micromachined chuck for holding the die, a vacuum pump, a regulator and a Dektak contact profilometer for surface profiling. Care was taken to experimentally verify that the contact pressure exerted by the Dektak stylus did not affect the diaphragm deflection measurements. We experimentally determined that for a Dektak stylus force of below 2 mg, there was no measurable adverse effect on the diaphragm deflection. Accordingly, a stylus force of 1 mg was used for all the profilometry measurements.
Figures 2(a) and (b) show the surface profile of one of the as-fabricated buckled UP diaphragms in its first state with no external pressure applied to it. Its initial buckling height was measured to be approximately −7.6 μm (see figure 5(b) for direction polarity). We then applied pressure to the diaphragm to switch it to its second state. Figures 3(a) and (b) show the surface profile of the buckled DOWN diaphragm in its second state with pressure once again removed. The buckling height of the diaphragm in its second state was measured to be approximately 7. stable state, one can observe an interesting change in the color pattern of the image, as seen in the insets.
The diaphragm was then switched back to its buckled UP state and then slowly vacuum-actuated from its backside in steps of 50 and 20 mmHg (6.6 and 2.6 kPa) to determine exactly when it switches. Simultaneously, the shape and height of the diaphragm was measured using the Dektak profiler. Figure 4 shows a plot of buckling height varying with pressure and the buckled diaphragm in its first and second state. Figure 4 (a) shows our experimental results (square markers), as well as the theoretical prediction (solid line) using equation (5) . The displacement data were measured at the center of the diaphragm. As shown in figure 4(a) , starting from the left side of the graph, the buckled diaphragm starts out with an initial height of −7.6 μm. As pressure is slowly applied, the height of the diaphragm gradually decreases until it eventually snaps to its second buckled DOWN state. This occurred experimentally at 41 kPa or 305 mmHg. With pressure still applied, the buckled diaphragm deforms to a displacement of 9.1 μm (rightmost data point in figure 4(a) ). Upon release of the actuation pressure, the buckled diaphragm relaxes back to a final displacement value of 7.8 μm. It is interesting to note that the rest values of the buckling height of the diaphragm in its buckled UP and buckled DOWN states are approximately equal and opposite, another indicator of the negligible residual film strain gradient. Buckling height was measured using a contact profilometer for varying pressures (square markers-experimental data, solid line-theoretical data using equation (5)). (b) Buckled diaphragm in the first (UP) and second (DOWN) state.
Discussions and applications
The theoretical curve in figure 4(a) was determined using equation (5) . The stress value of the bi-layer film used for analytical calculations was determined using a Toho stress measurement system as mentioned earlier. All the remaining material parameters were assumed from the literature (Poisson's ratio and Young's modulus), and all specimen dimensions were measured directly (diaphragm diameter and thickness). The experimental measurements of the bi-layer diaphragm match the analytical profile reasonably well. Deviations can be attributed to the inherent nonuniformity of the thickness and stress of the micromachined PI/oxide diaphragm due to the DRIE etching process. As shown in figure 4(a) , the theoretical actuation pressure was predicted to be 60 kPa (450 mmHg) compared with the experimental actuation pressure of 41 kPa (305 mmHg). Furthermore, the theoretical buckling height actuation or the snap point was predicted to be 5 μm as compared with the experimental value of 6.3 μm. Table 1 summarizes the comparison of the experimental results of our device with our theoretical calculations. The data presented in table 1 are representative of the majority of the 300 μm diaphragms fabricated on the silicon wafer. The calculated actuation pressure, buckling height at snap point and buckling height were moderately different from the experimental values. This can be explained by the fact that our micromachined bi-layer diaphragms are slightly nonuniform due the DRIE etching process. The theory presented in section 2 assumes uniform and constant values of all of the diaphragm parameters. With micromachined bi-layer diaphragms, this is difficult to control. For example, during the DRIE release step of the diaphragms, oxide is partially etched around the edges of the diaphragm. The partially etched oxide, which appears as concentric circles under an optical microscope (see figure 5) , results in slight deviations in the oxide thickness near the diaphragm edges and non-uniform compressive stresses over the 300 μm diameter diaphragms. This can be a source of error with our modeling equations as it directly affects the average internal stress value.
One of the applications of buckled diaphragms is in mechanical memory storage devices. An optical image of a set of buckled polyimide + oxide diaphragms is shown in figure 6 . The diaphragms are randomly buckled UP or DOWN during the diaphragm release step. The diaphragms can be easily modified using pressure to change the buckling orientation, and thus can be used as a mechanical storage device. Some of the other applications of these buckled diaphragms are in micro-pumps, micro-valves, optical lenses and switches.
Conclusions
We successfully designed, fabricated and tested MEMSbased polyimide/oxide membranes with engineered oxide compressive stresses resulting in three-dimensional buckled diaphragms. The 300 μm diameter micromachined structures were pressure tested and determined to be truly bi-stable. We experimentally measured a buckling height of 7.6 μm and an actuation pressure of 41 kPa for our bi-layer diaphragms, which compared favorably to our modeling predictions. We also report experimental pressure-displacement data on these MEMS-based bi-stable circular diaphragms. Applications for these three-dimensional actuators include no-power sensors, micro-pumps, micro-valves, programmable switches, mechanical memory and optical devices.
